We use arrays of liquid crystal defects, linear smectic dislocations, to trap semi-conductor CdSe/CdS dot-in-rods which behave as single photon emitters. We combine measurements of the emission diagram together with measurements of the emitted polarization of the single emitters. We show that the dot-inrods are confined parallel to the linear defects to allow for a minimization of the disorder energy associated with the dislocation cores. We demonstrate that the electric dipoles associated with the dotin-rods, tilted with respect to the rods, remain oriented in the plane including the smectic linear defects and being perpendicular to the substrate, most likely due to the dipole/dipole interactions between the dipoles of the liquid crystal molecules and the dot-in-rods ones. Using smectic dislocations, we can consequently orient nanorods along a unique direction for a given substrate, independently of the ligands' nature, without any induced aggregation, leading as well to a fixed azimuthal orientation for the associated dot-in-rods' dipoles. These results open the way for a fine control of nanoparticle anisotropic optical properties, in particular a fine control of single photon emission polarization.
3 control on nanocrystals composition and morphology.Rod-shaped nanocrystals showing pronounced polarization, behaving as emitting linear dipoles, have been obtained. [2] [3] [4] The encapsulation of a spherical core into a rod-like shell [5] resulted in non-blinking inorganic single photon emitters, [6] hereafter referred to as dot-in-rods (DRs). Moreover it has been recently shown that, by increasing the thickness of the shell, it is possible to greatly suppress photoluminescence blinking and to improve DRs overall photo-stability, while keeping a low probability of multi-photon emission. [7] Such features are of primary importance when nanocrystalsare used in applications demanding a control of photons'polarization, such as coupling with complex photonic cavities [8] [9] or quantum cryptography. [10] The control of the polarization of the emitted light also requires the capacity to control the particle orientation. Howevertechnologies aimed at guiding nanocrystal orientation at the single particle level are still poorly discussed in literature.
Alignednanoparticleshave been obtained through mechanical rubbing, [11] short-range interactions [12] [13] or patterned substrates. [14] Liquid crystal-like structures, composed of alarge number of elongated nanocrystalsassembled in multi-layers have also been evidenced on both solid substrates [15] [16] [17] [18] and water films. [18] [19] [20] Orientation and positional ordering of CdS and CdSenanorods has been obtained through the utilization of a local electric field, exploiting their intrinsic electric dipole moments, [18, [21] [22] [23] . However, single nanorods are rarely observed once aligned onto the substrate: only average optical properties can be inferred from these experiments. The fluorescence polarization of a number of single DRshas been measured but not for aligned ones. [5, 6, 24, 25] In order to obtain a macroscopic organization and orientation ofsingle nanorods onto a substrate, the use of anisotropic matrices working as hard or soft templatesoffers a promising experimental alternative, as shown for polymer matrices [26] [27] , which can be stretched [5, 28] ,as for DNA molecules [29] andcarbonnanotubes. [30] 4
An increasing number of works is alsodevoted to the use of anisotropic matrices made ofliquid crystals. [31] [32] [33] [34] [35] [36] Cholesteric liquid crystals have been used to control the circular polarization of single quantum dots. [37] Nematic liquid crystals have been used to orient single dye molecules, either parallel or perpendicular to the nematic director, depending on the molecular shape. [37, 38] In nematic liquid crystals,nanorods can be oriented as well, either parallel or perpendicular to the liquid crystal director,depending on the liquid crystal ability to anchor the nanorod surface, [39, 40] with the possible help of magnetic fields. [41, 42] However, a serious drawback met in the use of most of thermotropicliquid crystals corresponds to the induced aggregation of thenanorods. [36, [43] [44] This aggregation is due to the distortions and disorder induced in the liquid crystal around most of the nanoparticles, which become reduced if the nanoparticles are aggregated. [36, 45] In nematic liquid crystals, the best method to prevent aggregation of nanorods is to graft specific ligandsaround the nanorodsin order to allow for a weak anchoring of the liquid crystal molecules. [46, 47] Weak anchoring indeed prevents the formation of liquid crystal defects and thus prevents aggregation. For semiconductor nanorods embedded in liquid crystals, average orientations parallel to the nematic director have been evidenced but, to the best of our knowledge, again only ensemble anisotropic emission properties have been studied. [22, 46, [48] [49] Herein we demonstrate that linear arrays of smecticliquid crystal defects behave as a "smart" matrix to govern the positional and directional ordering of nanorods. Single nanorods can be manipulated and oriented along the defects, along a unique direction for a given substrate. This avoids any liquid crystalinduced aggregation of nanorods, independently of the ligand's nature. We evidence the phenomenon withDRs, single photon emitters,at the single particle level. Statistical analysis of the in-plane orientation of the single DRs leads to a unique orientation with 8° of standard deviation, leading therefore to a fine control of single photon emission polarization.
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Although we use core-shell CdSe/CdSDRs as a model system, the technology can be easily extended to a wide class of anisotropic nano-objects. The choice of these particles was dictated by their geometrical properties -a one-dimensional shape used in combination with the linear liquid crystal structures described later on -in order to obtain orientation of the rods; their quantum properties -they behave as single photon emitters [7] -andtheir polarized emission, [6] in order to control the polarization of the emission of single emitters. together with the out-of-plane tilt of the dipole, , and the in-plane tilt, Φ. b) autocorrelation function for a typical DR in 8CB, with 8CB background contribution (see in Supporting Information S1)substracted following. [50] c) Experimental setup during the polarization measurement.
Colloidal core/shell CdSe/CdSDRs were synthesized by using a seeded growth approach. [18, 51] They are constituted of a CdSe core with a diameter of 2.9 nm and surrounded by a rod-like CdS shell (Figure1 a). As confirmed by transmission electron microscopy (TEM) analysis, they present a rod-like shape with an average length l = 23 nm ± 3 nm and a total thickness t ~7nm (figure S2 in Supporting Information).The relatively large thickness is responsible for an increased photo-stability and blinking suppression with respect to thin shell DRs, grown with standard techniques. [7] They are surrounded by organic ligands, namelyTOP (trioctylphosphine) and ODPA (octadecylphosphonic acid).
Solid surfaces consisting of a glass substrate with spin-coated and rubbed polyvinyl alcohol polymer On PVA rubbed surfaces, a planar anchoring of the liquid crystalline molecules is induced at the interface with the PVA, while a perpendicular (homeotropic) alignment is produced at the air interface.
Such an anchoring antagonism leads to distortions of the smecticfilms (Figure 2b and 2c), commonly named smectic "oily streaks" for film thicknesses in the range 100 ~300 nm. [52 -54] The smectic layersare curved between the air and PVA interfaces, stacking on top of each other to form flattened hemicylinders of axis parallel to the substrate and perpendicular to the anchoring orientation, the latter being defined by the PVA rubbing direction (Figure 2a and 2 b) . The corresponding hemicylinders' periodicity and orientation can be determined by optical microscopy since they are associated with straight linear stripes in the pictures (Figure 2 a) . Oily streaks are associated with several highly distorted areas underlined in red in Figure 2 b: -1-the curvature walls, W, between neighboring hemicylinders. [52] -2-the area around the rotation axis C (Figure 2 b and c) . This area has been shown on MoS 2 crystalline substrates [55] and rubbed PVA polymer [54] to be formed by a rotating grain boundary, to remove the most curved smectic layers. -3-the region connecting the flattened hemicylinders to the substrate with a straight grain boundary. [54] These grain boundaries connecting different number of smectic layers from each side, they may be composed of a number of straight dislocations parallel to the hemicylinder axis. [54] [55] [56] Smectic dislocations are linear topological defects,made of elastically deformed smectic layers around a linear core defect with a diameter of the order of the smectic layer width, i.e. ~ 3nm for 8CB. [57] The linear cores are expected to behave as efficient traps for nanoparticles. It has been
shownthat gold nanoparticles and quantum dotscan be trapped in oily streaks, leading to the formation of straight chains of nanoparticles, parallel to the dislocation. [58] A confocal fluorescence microscopy setup ( is shown in side view for films of thickness around 150 nm, [54] with the areas withsmectic dislocations parallel to the OX axis, being highlighted with the red crosses.
Acircularly polarized pico-second pulsed laser diode (λ=404 nm, repetition rate 2.5MHz) was then focused on each single DRembedded in the liquid crystal (average optical index 1.57) through a high numerical aperture air objective (NA=0.95). As light absorption efficiency of a DR depends on the polarization of the excitation light [39, 59] , the chosen circular polarization ensures a comparable excitation for DRs with potentially different orientations, allowing similar emission intensities for all particles.
Low excitation power below the DR absorption saturation levelwas used in order to limit multi exciton emission and blinking. [7] In a first step, intensity second-order auto-correlation at zero delay measurements (g² (0) By virtue of their peculiar emission diagram [6] and the generally high level of emitted linear polarization, measured both in ensemble and single particle spectroscopy, [5, 24, 25, 60, 61] DRs are commonly associated with one dimensional linear dipoles. [7, 25, 50] In spherical coordinates with z-axis referred as the microscope optical axis (axis perpendicular to the substrate), the orientation of a dipole can be marked out by its in-plane Φ and out-of plane θ angles (Figure 1 a) . Itsemission intensity as a function of the analysis angle α is expressed as: [62] I(α)=I min + (I max -I min ) cos²(Φ-α) (1), where I max (resp. I min ) corresponds to the maximum (resp. minimum) intensity when α is varied. They depend on the out-of-plane angle θ, on the numerical aperture of the collecting objective and on the environment of the dipole.The angle αitself is the polarization rotation angle caused by the λ/2 plate (rotated by an angle /2). Its origin has been calibrated by measuring the signal received when the 10 emitted light is replaced by a known polarized signal. The 0° has been defined by the maximum of intensity for a polarization parallel to theOx axis of the optical microscopy pictures (see Figure 3 a-b).
The detected intensity is maximum when α equals to the in-plane angle of the dipole Φ ± π. Thereby, Equation (1) demonstrates that, not only the DRsfluorescence share a common orientation, but also that this orientation is the one of the oily streaks defects.
The hypothesis of an influence of the liquid crystal birefringence on the fluorescence polarization anisotropy of the DRs can be ruled out for two reasons. First it has been shown recently that theexcitation anisotropy of DRs is mainly affected by the nature of the ligandsdirectly around the DRs. [25] Second,several ensemble measurements of polarization anisotropy have been conducted within nematic liquid crystals. [22, 46, [48] [49] 63] This led to a maximum fluorescence parallel to the nematic director (extraordinary index) in contrast with the present case.In smecticoily streaks, Figure 3 shows that the fluorescence is maximum for a polarization along the stripes, in other words perpendicular to the smectic direction and corresponding to the ordinary index of the 8CB. The fluorescence is minimum for a polarization perpendicular to the stripes, corresponding to a combination between ordinary and extraordinary index.For bothnematicand smecticliquid crystals, the fluorescence anisotropy canbe 13 attributed to an in-plane orientation of the DRdipole, imposed by the liquid crystal and not to an optical birefringence effect. In nematic liquid crystals the fluorescence polarization anisotropyis related to an orientation of the nanorodsparallel to the liquid crystal director, as it is most often the case due to the liquid crystal anchoring at the nanorods surface. [22, 39-40, 46, 48-49, 63] In smectic oily streaks, the in-plane projection of the DRs dipole is oriented parallel to the oily streaks stripes (scheme of the dipoles on Figure 3 ). It is thus parallel to the linear defects, and, perpendicular to the liquid crystal director ( Figure   2 ). This suggests a different physical mechanism for the aligning phenomenon in smectic oily streaks compared to orientednematic liquid crystals.
The dipole orientation with respect to the smectic texture is confirmed bya defocused microscopy technique, [6, 48] already used toassessDRs dipole orientation. [6, 59] It has been employed by means of an oil immersion microscope objectivewith high numerical aperture (NA1.4)positioned 500 nm away from the focal point. As shown in Figure 4 , bright and dark arcsappear around each original focused spot, confirming the dipolar nature of theemission. [6, 49, 59, 62, [64] [65] These defocusing patterns giveinformation on both in-plane and out-of-plane dipole orientation, [62, [64] [65] if it is taken into account that they are influenced by several other parameters such as NA of the objective, dielectric environment (liquid crystal and air interface) and that they are significantly dependent on the distance between the objective focal planeand the sample [49, [51] [52] For linear dipoles, defocused images displaying lobe patterns with a single symmetry axis correspond to dipoles neither horizontal nor vertical, but rather tilted with respect to the substrate.By connecting the two minima of the internal arcs,the dipole in-plane component orientation can be assessed:as shown in the upper-left inset of Figure 4 , it is parallel to the oily streaks axis, highlighted in the bottom-right inset.Thisconfirms the result gained from Figure 3 . Importantly, again, this specific orientation is common to the majority of the isolated DRswithin the rubbed area (See Figure S3 ). On Figure 4 , the asymmetry of the defocusing spots shows a tilt of the DRs dipoles out of the substrate plane. In order to supplement these defocusing measurements, we have considered the degree of linear polarization δ for the emitted light of the single DRsin the liquid crystal matrix: δ = (I max -I min )/(I max +I min ). I max and I min are obtained from polarization analysis curves as in Figure 3c , after careful backgroundsubstraction. For DRsapproximated by linear dipoles, [7, 28, 59] δ can be theoretically calculated taking into account the dielectric nature of the environment of the dipole.
[62] The theoretical curve of the degree of polarization δ as a function of the dipole out-of plane tilt, θ, with respect to the microscope optical axis (normal to the substrate), is shown on Figure 5a for a linear dipole located in a 1.5 index medium, whose emission is collected by a 0.95 NA air objective.
[62] δ ≈1 for θ =90°, which is a horizontal dipoleand δ = 0 for θ =0°, which is a vertical dipole.
We measured the degrees of polarization of 52DRs dispersed in two similar samples of liquid crystal thickness around 100 nm, including the one of Figure 3b . We removed, for this measurement, the signal of theDRsnot aligned within 6° to the liquid crystal stripesandmost probably corresponding to nanoparticles of different shapes (see TEM image displayed in figure S2 ). [25] The obtained histogram of degree of polarization,for the 42 remaining DRs,is shown on Figure 5b . A well-defined peak is evidenced between 0.6 and 0.7. As shown by Figure 5a , this limited value of polarization is consistent with theout-of plane tilt of the emitter dipolesevidenced on the defocalization results of Figure 4 . It may also be associated with DRsnot fully polarized, as shown in a number of ensemble measurements, [5, [24] [25] in particularforCdSe/CdSDRs of similar ratio core diameter over DR diameter, the role of this last parameter being recently underlined. [46] The broad distribution of degrees of polarization observed on Figure 5b may be related to the dispersion of size and shape of the DRs (see figure S2) , to the distribution of core shape, [24] [25] [60] [61] together with possible distribution of dipole out-of plane orientation. In a similar geometry of single polarization measurements performed on the same kinds of DRs deposited on glass, with, in addition, an AFM mounted on an inverted microscope to probe the single DRs orientation, it has been recentlyevidenced that the maximum of fluorescence was obtained for a polarization parallel to the single DRsaxis. [24] Together with our observation of in-plane dipoles parallel to the oily streaks stripes visible by optical microscopy, this suggests thattheDRsaxis is itselforiented parallel to the stripes.DRs are thus perpendicular to the 8CB anchoring direction, but parallel to the 8CB hemicylinder axis and thus parallel to the expected dislocations of oily streaks. the evidence of nanorod trapping, allowing for nanorods orientation as well, may confirm the presence of aligned dislocations in the oily streaks structure.Smectic dislocations are characterized by a disordered linear core of high energy with a diameter of the order of a fewnanometers. [57] The DRs width (with a total of 7nm) matches the one of the smectic dislocation cores. In addition to their elongated shape, this size matching promotes their trapping inside the line defects, in agreement with the previously evidenced phenomenon of nanospheres trapping by topological LC defects, [66] [67] [68] [69] . The induced orientation of the DRs, parallel to the dislocation cores (Figure 3) , may correspond to a precise localization of the DRs within the disordered cores. This localization of DRswithin and parallel to the dislocation coreindeed maximizes the volume of disordered liquid crystal expelled by the DRs and thus decreases the disorder energy of the smectic liquid crystal film in the presence of dislocations. If we consider elementary smecticdislocations, their energy per unit of length has been measured in free standing smectic filmsto be 0.5kT.Å -1 . [70] Asingle DR of length l = 23 nm, trapped in the dislocation core and parallel to its axis, allows todecrease the liquid crystal disorder energy by115kT, leading to a significant advantage for the liquid crystal film. TheDRs, once trapped in smecticdislocations, may be particularlywell-stabilized.
Only motion of the DRs along the dislocations cores may occur, in agreement with experimental observations. Our results may consequently correspond toDRs, trapped within the liquid crystal dislocations, parallel to the substrate and parallel to the 8CB linear stripes.
The origin of this nanorod induced orientation is obviously different from the one induced in nematics, this latter being driven by the anchoring of liquid crystal molecules at the DRsurface, usually leading to DRsoriented parallel to the nematic director. [39] [40] In contrast, in smectic oily streaks, the induced orientation is parallel to the dislocations, thus perpendicular to the liquid crystal director. Generally speaking, if the nanorod diameter is small enough to avoid, outside the dislocations core, a newsmectic distortion/disorder energy larger than the energy advantage associated with the nanorod presence in the dislocation core, we expect no liquid crystal-induced aggregation. As a consequence, contrary to the nematic case, the liquid crystal anchoring at the DR surface is also expected to have almost no influence and the DRsmay be efficiently oriented by the dislocation, independently of the liquid crystal anchoring at their surface. This appears in agreement with the fact that nanospheres surrounded by different ligands, alkylthiols, aresimilarly linearly oriented, since they formchains parallel to the dislocations in the 8CB oily streaks. [58] Ifthe DR axis isparallel to the smectic dislocations, an out-of plane tilt of the DR dipole corresponds to an emitting dipole tilted by an angle  (see Figure 1a) from the horizontal nanorodaxis, in agreement with ref [59] . In presence of a  angle between the fixed DRaxis and the dipolewe anticipatea free rotation of the dipole around the DR [59] . In contrast, Figure 3 and 4 suggest that the dipoles remain all oriented in the plane defined by the rod and the normal to the substrate.The origin of such a strictly 18 induced out-of-plane dipole orientation is not clear. Surface charges may exist on these DRs, related either to the crystallographic orientation of the nanorodsurface [71] and/or to dangling bonds unsaturated by the surface ligands. [72] A symmetry breaking in the smectic phase at the DR interfacemay occur, due to the charges at the DR surface, which may orient all neighbouring 8CB molecular dipoles. [71] [72] Strong electric dipolar interactions between the 8CB molecular dipoles (4.9 D) and the DR dipoles [71] maythus favour DR dipole orientationin the plane parallel to the 8CB stripes and perpendicular to the substrate.
This outstanding property of the smectic oily streaks evidences a good control of single emitters since, with our smectic liquid crystal/DRs composites, we create a dispersion of single photons emitters of controlled polarization phase, oriented along a unique direction for one given sample. It opens the way to macroscopic nanoemitter lines, sources of well polarized single-photon emission.Generally speaking, the ability to orient nanorodsshows a high potential of thesmectic oily streaks for the control of nanoparticles'optical properties. This goes well beyond semi-conducting nanoparticles, being, for example, well adaptedfor inducing anisotropicplasmonic extinction of metallic nanorods.
In conclusion, we showed that the oily streak structure created by a liquid crystal deposited on a rubbed polymer induces an alignment along a unique direction of the dot-in-rods (DRs) diluted in the liquid crystal matrix,leading to fixed orientation for the emitting in-plane dipoles. This has been shown In order to take into account the contribution from the background, we used the procedure described in the appendix of [50] . This procedure has already demonstrated its ability to describe experimental data with great accuracy (see fig. 2 of [50] ). Let us summarize this procedure used here for the 8CB-nanorod system, keeping the notations of Ref. [50] .
(a) We measure independently the fluorescence of a portion of 8CB without nanorod and we measure the 8CB fluorescence decay rate: Gamma_p = 0.12 ns (c) Finally, from the same measured file, it is possible to plot the decay curve, which has a constant component (the dark counts, which are not correlated to the excitation laser pulses) and a decay component (sum of the nanorod and 8CB decays, which can be distinguished as the nanorod decay is much slower than the 8CB decay). The constant component of the decay curve yields the dark counts rate: B_0 = 410 cps. The slow decay component yields the nanorod decay rate: Gamma = 0.046 ns -1 .
We have measured all the experimental constants necessary to describe the antibunching curve following the model of ref. [50] . The antibunching curve is an intensity autocorrelation curve, thus a 21 sum of the background and nanorod autocorrelations and the background-nanorod correlation. On Fig. 1 , in order to plot only the nanorod autocorrelation, we plot the experimental antibunching curve from which we substract the theoretical background autocorrelation (Eq. 19 of ref. [50] ) and background nanorod correlation (eq. 20 of ref. [50] ).
S2: Pictures of the CdSe:CdS dot-in-rod particles taken with a Transmission Electron Microscope.
